Microsporidia are obligate intracellular pathogens which enter host cells by the discharge of a hollow tube through which the sporoplasma is extruded into the host cell. Since this invasion mechanism is very different from common entry strategies, the formation of the parasitophorous vacuole (PV) in Encephalitozoon species is likely to be distinct from known principles. We investigated the origin of the nascent Encephalitozoon cuniculi PV membrane with the aid of fluorescent lipid probes. When Bodipy 500/510-C 12 -HPC-labeled spores were used for infection, the emerging PV membrane was unlabeled, suggesting that sporoplasma-derived lipids do not significantly contribute to the formation of the PV membrane. In contrast, when raft and nonraft microdomains of the host cell plasma membrane were selectively labeled with DiIC 16 and Speedy DiO, both tracers were detectable in the nascent PV membrane shortly after infection, indicating that the bulk lipids of the PV membrane are host cell derived. Time-lapse fluorescence microscopy revealed that the formation of the PV membrane is a fast event (<1.3 s), which occurred simultaneously with the extrusion of the sporoplasma. The portion of the discharged tube which is in contact with the host cell was found to be coated with labeled host cell lipids, which might be an indication for a plasma membrane invagination at the contact site. To investigate the presence of pores in the E. cuniculi PV membrane, we microinjected fluorescent dyes of different sizes into infected host cells. A 0.5-kDa dextran as well as 0.8-to 1.1-kDa peptides could rapidly enter the PV, while a 10-kDa dextran was stably excluded from the PV lumen, indicating that the PV membrane possesses pores with an exclusion size of <10 kDa, which should allow metabolite exchange.
Microsporidia are obligate intracellular microorganisms which are early branched fungi as revealed by comparative genome analysis (11, 12, 14) . They were recognized in the past years as emerging pathogens, particularly for immunocompromised patients. Three out of the four most common human microsporidian pathogens belong to the genus Encephalitozoon, namely, E. cuniculi, E. hellem, and E. intestinalis. While most microsporidia replicate inside the host cell cytosol, the members of this genus reside inside a membrane-bound vacuolar compartment termed the parasitophorous vacuole (PV). E. cuniculi has become a model organism for this genus, since it can be easily cultured in a variety of host cells and its genome is completely sequenced. The E. cuniculi genome is, at 2.9 Mb, the smallest eukaryotic genome sequenced so far and displays a high degree of compactness and an extreme loss of biosynthetic pathways (13, 15) .
The intracellular life cycle of E. cuniculi includes the replication of meronts and the subsequent differentiation into sporonts and spores, which are released from the dying host cell (5) . The infectious stage is the spore, which contains a unique invasion apparatus to infect host cells. Inside the spore, a long, coiled hollow tubulus, the so-called polar filament, is present, which is explosively extruded due to a sudden rise in osmotic pressure. The sporoplasma, which also contains the nucleus, subsequently is pressed through the polar filament. If the tip of the discharged polar filament has penetrated the plasma membrane of a host cell before, the sporoplasma is directly injected into the host cell cytosol. Shortly after invasion, the meronts are localized inside a PV of unknown origin.
Ultrastructural analysis revealed that the plasma membrane of meronts is closely applied to the PV membrane (2, 5) . At a later stage of development, during sporogony, the plasma membrane becomes detached from the PV membrane and the final maturation into spores takes place in nonperipheral areas of the vacuole. The periphery of the E. cuniculi PV is, even at later stages of development, still outlined with a single layer of meronts, as shown by ultrastructural analysis and by immunostaining with meront-and spore-specific monoclonal antibodies (MAbs) (9, 28) . The meront stage thus appears to be closely associated with a location near the PV membrane.
The PV membrane forms the interface between the pathogen and the host cell and is thus crucial for any interaction, particularly for transport processes and for metabolite exchange. It has been shown that the PV membrane is tightly associated with host cell mitochondria, which might be an indication that mitochondrion-derived metabolites are preferentially imported into the PV (22) . Ultrastructural studies revealed that the PV membrane contains smaller blebs on the cytosolic site and larger protrusions on the luminal site of unknown function (28, 29) .
It has been shown that the PV is not part of the host cell's endocytotic network. In earlier ultrastructural analysis of E. cuniculi-infected macrophages, an absence of fusion events between the PV and host cell lysosomes was described (29) .
Recent immunolocalization studies on E. cuniculi-infected host cells revealed that endosomal and lysosomal marker proteins are absent from the PV membrane throughout the entire intracellular life cycle (9) . Furthermore, the PV membrane is also lacking transmembrane marker proteins of the host cell plasma membrane immediately after invasion (9) . This raises the question whether the PV membrane is of host cell origin or whether microsporidian-derived phospholipids assemble shortly after injection of the sporoplasma and form the PV membrane.
Based on experiments with fluorescent tracers, we show here that the lipids of the nascent E. cuniculi PV membrane are of host cell and not of parasite origin and that the formation occurs as a coentry process. Furthermore, we demonstrate that the PV membrane contains pores with an exclusion size of Ͻ10 kDa, which should allow a metabolite exchange between the host cell cytosol and the PV lumen.
Detergent extraction. Detergent extraction was used to ensure the specificity of the lipid probes toward raft and nonraft microdomains. Following the labeling procedure with DiIC 16 /Speedy DiO, cells were washed briefly with ice-cold PBS containing 1 mM MgCl 2 and 1 mM CaCl 2 (PBSϩ) and then incubated for 30 min with prechilled PBSϩ (mock extraction) or PBSϩ containing 1% (vol/vol) Triton X-100 on ice (6) . The cells were rinsed gently, fixed with prechilled 4% paraformaldehyde in PBS, and mounted with nail polish as described above.
Microinjection. HFF cells were seeded into petri dishes with thin bottoms for inverted microscopy (Ibidi, catalog no. 80136) and infected with a fresh spore solution. Before microinjection, the medium in the dish was replaced by fresh medium containing 20 mM HEPES (pH 7.4) without phenol red. Microinjection was performed with the micromanipulator 5171 and the transjector 5246 (Eppendorf) attached to a Zeiss Axiovert 200 M time-lapse microscope. The three dyes tetramethylrhodamine-dextran (10,000 molecular weight; 9 to 11 kDa; neutral), Alexa Fluor 488 dextran (3,000 molecular weight; 1.5 to 3 kDa; anionic), and Alexa Fluor 488 hydrazide (0.5 kDa; anionic) (Molecular Probes) were prepared as aqueous 10-mg/ml stock solutions. The 5-carboxyfluorescein (5-FAM)-conjugated peptides RSR (charge, ϩ2) and SGALDVLQ (charge, Ϫ1) were obtained from JPT Peptide Technologies. For microinjection, the dyes were diluted with H 2 O to a final concentration of 0.5 mg/ml, and the dextran conjugate solutions were extracted two times with 1-butanol to remove free dye molecules that were no longer bound to the water-soluble dextran particles. To avoid any clogging effects in the microinjection needle, the dye solutions were centrifuged for 10 min at maximum speed immediately before loading of the capillary. Microinjection needles with an inner diameter of 0.5 M (Femtotips I; Eppendorf) were filled with the injection solutions with the aid of microloaders (Eppendorf). Individual fibroblasts with one or more PVs were identified by phasecontrast microscopy with a 63ϫ objective, and the fluorophores were then microinjected into the host cell cytoplasm. Dye redistribution across the PV membrane was observed for up to 20 min.
Time-lapse microscopy. Time-lapse series were taken with an AxioCam MRm camera, attached to a Zeiss Axiovert 200 M microscope, which was controlled by the Axiovision 4.6.3 software. To achieve optimal invasion conditions, the temperature was adjusted to 37°C with an XL-3 incubator in combination with a heating unit (PeCon). The optimal pH was maintained by CO 2 supply using a CO 2 controller (PeCon).
RESULTS
Fluorescence labeling of internal E. cuniculi lipids. We investigated the origin of the nascent E. cuniculi PV membrane with the aid of fluorescent lipid probes. These probes were used to label either host cell or E. cuniculi lipids, and potential incorporation of the tracers into the PV membrane was monitored by fluorescence microscopy. In order to establish an approach that generates E. cuniculi spores with fluorescent internal membrane compartments, we added the fluorescent lipid derivative DiIC 16 , Speedy DiO, or Bodipy 500/510 C 12 -HPC (Bodipy-PC) to the medium of E. cuniculi cultures and investigated whether these dyes became incorporated into developing E. cuniculi spores. The fluorescent probes were supplemented once to the culture medium at 48 h postinfection at concentrations ranging from 4 to 100 M. Spores were released from their host cells by mechanical force at 120 h postinfection, and fixed extracellular spores were analyzed by fluorescence microscopy. All three fluorescent compounds were found to be incorporated into the mature spore stage. Speedy DiO treatment resulted in a weak fluorescence of spores and was thus not further used for the ongoing experiments. DiIC 16 and Bodipy-PC labeling resulted in a heterogeneous staining pattern of the spore, in which internal structures appeared to be labeled (Fig. 1) . While Bodipy-PC treatment resulted in the labeling of all spores, a fraction of spores was unstained after DiIC 16 treatment. When these spores were used to infect a new host cell monolayer, the meronts, which are derived from DiIC 16 -labeled spores, did not show any fluorescence. In con-trast, we obtained fluorescent meronts with Bodipy-PC-labeled spores, indicating that this lipid can be used to trace the distribution and the fate of sporoplasma membrane compounds which are injected during infection into the host cell (Fig. 2) . In order to determine whether lipids from the injected sporoplasma contribute to the formation of the nascent PV membrane, we followed the fate of Bodipy-PC from 1 h up to 24 h postinfection. We confirmed in these experiments the identity of intracellular meronts, by immunostaining with the merontspecific MAb 6G2 (9) . The Bodipy-PC fluorescence was restricted at all analyzed time points to the meront itself, while the membrane and the matrix of the PV were completely unlabeled (Fig. 2) . Our data thus suggest that the majority of phospholipids which form the PV membrane are not derived from the injected sporoplasma itself. It was not possible to follow the fluorescent tracer for longer than 24 h postinfection, most likely due to the dilution of the signal by meront replication. The Bodipy-PC-labeled spores displayed an infection rate that was reduced to 15% to that of untreated controls. However, once the infection was established, Bodipy-PC-labeled meronts showed an unaltered replication rate and differentiated normally into sporonts and spores (data not shown).
The nascent PV membrane of E. cuniculi is formed by the host cell. The last experiment indirectly suggests that the majority of phospholipids which form the nascent PV membrane are host cell derived. To gain positive experimental support for this hypothesis, we created host cells with fluorescently labeled membranes and traced the signal after infection with E. cuniculi. Two different fluorescent lipid probes were used in order to discriminate between lipid raft and nonraft microdomains. DiIC 16 is a compound that is specifically integrated into packed, rigid (raft) membrane subdomains, while Speedy DiO integrates into disordered, fluid (nonraft) membrane subdomains (6, 19, 24, 27) . To confirm the specificity of these lipid probes for raft and nonraft microdomains in our experimental setup, we applied cold Triton X-100 extraction after labeling of BHK cells with these compounds (Fig. 3) . Speedy DiO was accessible to detergent extraction, which is typical for the integration into nonraft membrane subdomains. In contrast, Triton X-100 extraction in DiIC 16 -labeled cells resulted in a "Swiss cheese" pattern, which is characteristic for an association with lipid rafts after extraction of the nonraft subdomains (10) .
To investigate the fate of DiIC 16 and Speedy DiO during infection, BHK cells were labeled with these tracers for 3 min at 8°C, infected with E. cuniculi spores, and fixed after a 2-to 4-min incubation period at room temperature. Intracellular meronts were detected by immunostaining with the merontspecific MAb 6G2. Confocal immunofluorescence microscopy revealed that meronts were surrounded by a fluorescent rim, which was derived from the lipid probes (Fig. 4) . This strongly suggests that host cell lipids contribute to the nascent E. cuniculi PV membrane. Control experiments, in which E. cuniculi spores were allowed to infect BHK cells 1 h before the addition of DiIC 16 and Speedy DiO, revealed that meronts were not surrounded by a fluorescent rim (data not shown). This excludes the possibility that the fluorescent tracers are incorporated in an unspecific postentry event after the formation of the vacuole. Furthermore, we used cytochalasin D treatment of BHK cells to exclude the possibility that sporoplasm internalized by phagocytosis contributes to the staining pattern. BHK cells were pretreated for 10 min with 5 M cytochalasin D and cytochalasin D treatment was continued throughout the whole experiment in order to inhibit actin-mediated phagocytosis. Cytochalasin-D-treated cells displayed the same DiIC 16 -or Speedy DiO-derived fluorescent rim around internalized meronts as untreated cells, demonstrating that the internalized sporoplasm is indeed derived from the natural infection (Fig. 4) .
The described experiments clearly indicate that host cell raft and nonraft lipid microdomains both contribute to the nascent PV membrane. However, it was not possible to accurately discriminate whether the PV membrane lipids were derived from the host cell plasma membrane or from internal host cell membrane compartments, since the fluorescent probes were partly internalized and became integrated into internal host cell membrane systems during the time course of the experiment. Furthermore, it was not possible to determine from fixed samples whether PV membrane formation occurred as a coentry event or whether the sporoplasm is first injected into the cytosol and vacuole formation takes place as a postentry event in the first minutes after invasion.
The PV membrane is immediately formed during entry of the sporoplasm. In order to distinguish a coentry from a postentry formation, we followed the kinetics of PV membrane formation on viable, DiIC 16 -labeled human fibroblasts by timelapse fluorescence microscopy. Phase-contrast and fluorescence images were consecutively taken at intervals of 1.3 s (Fig.  5) . A discharge event for a spore was identified from subsequently taken phase-contrast images by a change of the spore contrast from a brighter appearance before extrusion to a darker appearance of the empty spore shell after extrusion ( Fig. 5A and 5B, compare 0 s with 2.6 s). The fluorescence images (Fig. 5A, 1.3 s and 3.9 s) show the immediate appearance of the fluorescently labeled PV membrane after extrusion, demonstrating that the formation of this vacuole is a very fast process, which is completed in less than 1.3 s. Surprisingly, the distal portion of the polar tube, which interacts with the host cell, was consistently labeled with the fluorescent DiIC 16 probe (Fig. 5A, 1 .3 s and 3.9 s). This suggests that the portion of the polar tube which is in contact with the host cell is coated with host cell lipids. Figure 5B shows that this coating occurs very fast after extrusion, even before the sporoplasm is completely ejected from the polar tube (Fig. 5B, 1.3 s) .
The E. cuniculi PV membrane contains pores. Microinjection of membrane-impermeable fluorescent dyes into infected host cells is a suitable approach to test for the presence of pores in PVs of pathogens (1, 25, 30) . We used tetramethylrhodamineconjugated dextrans of 10 kDa, Alexa Fluor 488-conjugated dextrans of 3 kDa, and Alexa Fluor 488 hydrazide (0.5 kDa) for microinjection into E. cuniculi-infected HFF. The dyes were microinjected into the cytosol of PV-containing HFF, which were infected 36 h before. The 10-kDa dextran was stably excluded from the lumen of the PV (Fig. 6) . In contrast, after the injection of the 0.5-kDa Alexa Fluor 488 hydrazide into the host cell cytosol, individual microsporidia inside the PV were immediately surrounded by a bright fluorescence, indicating that this dye has entered the lumen of the PV (Fig. 6 ). In addition, two peptides which were conjugated with the fluorescent dye 5-FAM were also used for microinjection. The positively charged peptide 5-FAM-RSR (0.8 kDa) and the negatively charged peptide 5-FAM-SGALDVLQ (1.1 kDa), like Alexa Fluor 488, rapidly entered the PV lumen (Fig. 6) . Microinjection of a 3-kDa Alexa Fluor 488-conjugated dextran displayed an intermediate phenotype. The dye was excluded 30 s after injection from parts of the PV lumen; however, this exclusion was not stable as for the 10-kDa dextran, but the 3-kDa dextran slowly entered all regions of the PV lumen within 10 min. We also injected a mixture composed of the 10-kDa dextran and the 0.5-kDa Alexa Fluor 488 hydrazide simultaneously into E. cuniculi-infected host cells. This experiment confirmed that only the smaller Alexa Fluor 488 hydrazide and not the larger 10-kDa dextran can enter the lumen of PV (Fig. 7) . To examine whether pore expression changes during intracellular E. cuniculi development, PV-containing host cells were injected with the fluorescent dyes at different time points from 24 to 96 h postinfection. We found that the FIG. 3 . Differential susceptibility of DiIC 16 and Speedy DiO to cold Triton X-100 extraction. Live BHK cells were stained with either DiIC 16 or Speedy DiO and subjected to extraction with cold PBSϩ (mock) or cold PBSϩ containing 1% Triton X-100 (extracted). Images were captured after fixation with paraformaldehyde. Speedy DiO-labeled membrane domains were susceptible to detergent extraction, which demonstrates the specificity of Speedy DiO for nonraft domains. In contrast, lipid rafts, which can be labeled by DiIC 16 exclusion size of the PV membrane was independent of the vacuole size and remained unchanged in the investigated time frame. Together, these data provide evidence that the PV membrane contains pores with an exclusion size of Ͻ10 kDa.
DISCUSSION
Based on the incorporation of fluorescent lipid probes, we provide in this study evidence that the phospholipids of the nascent E. cuniculi PV membrane are of host cell and not of parasite origin. The term PV has long been used to designate the vacuolar compartments of Encephalitozoon species and implies by definition a vacuole, which is host cell derived (3, 4, 5) . The morphology of the Encephalitozoon PV was thoroughly studied by ultrastructural analysis in previous studies (2, 21, 26) ; however, to our knowledge, direct evidence for the origin of the vacuolar membrane had not been provided so far. This report thus describes for the first time an experimental design that allows a clear distinction as to whether the vacuolar membrane is host cell or pathogen derived.
The fluorescent lipid derivatives DiIC 16 and Speedy DiO were used to selectively label either raft or nonraft host cell membrane microdomains. Both tracers were detectable in the nascent PV membrane shortly after infection (3 min), suggest-FIG. 4. The nascent E. cuniculi PV membrane is formed by host cell lipids. BHK cells were labeled either with DiIC 16 (A) for raft domain staining or with Speedy DiO (B) for nonraft domain membrane staining. The cells were infected with spores immediately after the staining procedure in the presence or absence of the phagocytosis inhibitor cytochalasin D (cytD). Samples were fixed at 3 min postinfection and stained with the meront-specific MAb 6G2 and a Cy2-or Cy3-conjugated secondary antibody. Confocal imaging was applied for sample analysis. All left panels (overview) show a low-power micrograph of an infected cell. The following three columns show the area of the indicated square in a higher magnification (bars, 5 m). The meronts were surrounded immediately after infection by a rim of DiIC 16 or Speedy DiO fluorescence, suggesting that both raft and nonraft host cell membrane domains contribute to the nascent PV membrane. Note that the fluorescent rim emerges independently of the cytochalasin D treatment.
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ing that both host cell raft and nonraft lipid microdomains contribute to the formation of the PV membrane. The reverse experiment was performed with spores which had incorporated the fluorescent lipid probe Bodipy 500/510 C 12 -HPC in their sporoplasma. No fluorescence signal was obtained in the nascent PV membrane, when these spores were used to infect unlabeled host cells. Under the assumption that the tracer Bodipy-PC was not selectively excluded from certain lipid structures inside the sporoplasma, this indicates that the majority of the nascent PV membrane phospholipids are unlikely to be derived from sporoplasma-derived lipids. Although the lipids for the nascent PV membrane appear to be exclusively host cell derived, it is conceivable that the phospholipids which are used for the enlargement of the vacuole at later stages of the development are at least in part pathogen derived. E. cuniculi possesses several phospholipid-modifying enzymes involved in polar head group synthesis (8); however, it lacks the type I or type II FAS complex and thus needs to import bulk lipids from the host cell. An intriguing question is the exact mechanism which leads to the formation of the PV membrane. The formation of PVs in other intracellular pathogens is closely linked to the invasion mechanism. Bacteria enter host cells by phagocytosis, by induced phagocytosis, or via clustered lipid rafts (7, 31) . Apicomplexan parasites enter host cells by a motility-based invasion mechanism (18) . The resulting PV membrane is in all cases derived from the plasma membrane of the host cell. The injection-based invasion mechanism of microsporidia is, however, fundamentally different from phagocytosis and motilitybased invasion. We could demonstrate by time-lapse fluorescence microscopy in conjunction with fluorescently labeled host cell plasma membranes that the formation of the PV membrane is a fast process, which takes less than 1.3 s and occurs simultaneously with the extrusion of the sporoplasm. The time-lapse images also revealed that immediately after discharge of the polar filament, the portion of the tube which interacts with the host cell becomes coated with host cell lipids and that this coating occurred even before the sporoplasma was extruded from the tube.
A hypothetical explanation for this staining pattern is that after discharge of the polar filament, the tip of the tube is not penetrating the host cell membrane but instead forces the host cell plasma membrane to form a long, channel-like invagination. The sporoplasma is then extruded into this plasma membrane invagination, thereby forming the PV, which is finally released from the tube. According to this model, the PV membrane is derived from the plasma membrane of the host cell. Alternatively, if the tube is not invaginating but is penetrating the plasma membrane, a very fast association of the tube surface with intracellular, DiIC 16 -labeled host cell vesicles has to be postulated. Although we can currently not completely exclude this mechanism, it appears less likely than the invagination model, since the majority of the DiIC 16 fluorescence was still on the cell surface and not within vesicles and the time for the coating process is very short (Ͻ1.3 s) .
Previous ultrastructural studies on the invasion of Encephalitozoon species described discharged polar tubes that were found to be localized inside host cell membrane invaginations (17, 23) . However, these invaginations were believed to be the result of a phagocytic process, which involved the rearrangement of cytoskeletal elements (17, 23) . The putative plasma membrane invaginations suggested by our experiments are unlikely to result from host cell cytoskeletal rearrangements, since those processes are much slower than the observed Ͻ1. The E. cuniculi genome displays an extreme loss of own metabolic pathways, which requires an extensive import of various metabolites into the cytosol of the pathogen. We demonstrated by microinjection of fluorescent conjugates that the PV membrane contains pores which allow a diffusion of small molecules, including positively and negatively charged peptides, from the cytosol into the PV lumen. The exclusion size was determined to be in the range between 3 to 10 kDa, revealing that the PV membrane represents no diffusion barrier for metabolites such as ATP, carbohydrates, amino acids, and small peptides. The presence of pores in the PV is in agreement with earlier findings by Leitch et al., who demonstrated that the PV of E. hellem displays a pH and calcium concentration similar to those of the host cell cytosol (16) . The expression of pores in E. cuniculi and their exclusion size are stable throughout the intracellular life cycle and allow the pathogen to have permanent access to the cytosolic metabolite pool of the host cell. Pores were also described in the PVs of apicomplexan parasites, e.g., Toxoplasma, Plasmodium, and Eimeria (1, 25, 30) . Their appearance in phylogenetically completely unrelated organisms suggests that they were invented independently in evolution as an adaptation to intracellular parasitism.
